Background Standardization of inactivated influenza vaccines by hemagglutinin (HA) content is performed by the single radial immunodiffusion (SRID) method. Regulatory agencies prepare, calibrate, and distribute SRID reagent standards necessary for testing of seasonal influenza vaccines, and a similar process is used to produce potency reagents for candidate pandemic influenza vaccines that are manufactured for emergency stockpiles.
Introduction
Since 1977, standardization of the hemagglutinin (HA) content of inactivated influenza vaccines has been performed by the single radial immunodiffusion (SRID) method. [1] [2] [3] [4] [5] [6] This assay is not technically demanding and can be standardized through the use of strain-specific reagents provided by regulatory and other public health agencies. As a result of these considerations, and the fact that the vaccine potency as determined by SRID correlates with vaccine immunogenicity [7] [8] [9] [10] which correlates with clinical benefit, 11 the SRID assay has been adopted and implemented worldwide by manufacturers and regulatory agencies to determine the potency of inactivated influenza vaccines. Although several alternative methods for HA quantification including techniques based on HPLC, 12, 13 mass spectrometry, 14 and surface plasmon resonance (SPR) 15 have recently been described, none has yet been demonstrated to be suitable as a viable replacement assay, and the SRID technique remains as the standard method for testing and control of inactivated influenza vaccines. The SRID assay is an agarose gel-based assay which measures the diffusion and immunoprecipitation of the vaccine or reference antigen HA with a strain-specific polyclonal antiserum. The antiserum is traditionally made in sheep using HA which has been cleaved from the virus with bromelain and purified before being used as an immunogen. The amount of antigen present is proportional to the area of the precipitin zone and is quantified by comparing a reference antigen of known HA content. Reference antigen standards are calibrated and distributed by the World Health Organization (WHO) Essential Regulatory Laboratories (ERL) that include the Center for Biologics Evaluation and Research at the U.S. Food and Drug Administration. When the antiserum used in the assay is derived from a variant virus strain within the same HA subtype (e.g., H1, H3, H5), precipitin zones in the SRID assay are often produced with a lower intensity than zones produced using the homologous antiserum. 2, 3 In fact, when the SRID assay was developed for potency determination of influenza vaccines, the use of antiserum to a heterologous strain was not generally considered. It has been standard procedure for regulatory agencies and manufacturers to use a matched set of reference antigen and strain-specific antiserum for each new component to be included in seasonal inactivated influenza vaccines.
Nevertheless, it was remarked some time ago that the constantly changing strains of virus incorporated in the vaccine required a major commitment of time and resources for the production of strain-specific reagents. 6 Fortunately, the preparation of strain-specific potency reagents, including the preparation of new antisera, rarely results in a delay in seasonal vaccine production and release. Preparedness for the emergence of a pandemic influenza virus, however, presents additional considerations for vaccine development and production, including that of reagent preparation. Several years ago, recommendations were made that libraries of candidate vaccine strains and their accompanying potency reagents should be developed as one means of preparing for a potential pandemic influenza virus. 16 Indeed, in the United States, significant effort has been made to produce stockpiles of influenza vaccines against viruses with pandemic potential, [17] [18] [19] including H5N1 viruses of antigenically distinct clades. The goal of this effort is to provide an immediate supply of ''pre-pandemic'' vaccine until a new vaccine exactly matching the emerging pandemic vaccine becomes available. 20 To be useful during an emergency, sufficient supplies of potency reagents would need to be available for the stockpiled candidate vaccines. In addition, however, because of the time constraints and the inherent uncertainty in generating strain-specific potency antiserum for a newly emerging pandemic virus, it would be extremely important to know whether existing heterologous potency antiserum was capable of substituting for a homologous antiserum that could only be made after the pandemic virus was identified. If so, stockpiled potency antiserum would provide an added measure of assurance that reagent production would not be a bottleneck to vaccine production and distribution.
Here, we describe an investigation into the use of crossreactive antibodies (heterologous antiserum) as a suitable replacement for a strain-specific (homologous) antiserum in an SRID potency assay for H5N1 candidate vaccines representing three different virus clades. We find that for the three stockpiled H5N1 vaccines, conditions can be established under which the potency values in the presence of homologous and heterologous antisera are statistically indistinguishable from each other. The results demonstrate the feasibility of using heterologous antiserum for potency determination of at least some candidate pandemic vaccines in the event of a shortage or delay in availability of the homologous antiserum. The results suggest that producing stockpiles of potency antiserum to additional strains of potential pandemic viruses would increase the likelihood of having a workable antiserum reagent available in the event of another pandemic.
Materials and methods

SRID reagents
Reference antigens for three H5N1 influenza vaccine candidates ( 
SRID method
The SRID assay developed by Wood and colleagues 4 for potency testing of inactivated influenza virus vaccines was recommended by the World Health Organization in 1978. 22, 23 The assay is based on the diffusion of detergentdisrupted virus preparations into an agarose gel containing specific anti-HA serum. The SRID potency assay used at CBER is essential as described previously. 5, 6, 24 Minor modifications have been made in the agarose gel preparation. Briefly, a 1% solution of low-melting agarose in phosphatebuffered saline (PBS), pH 7AE2, is melted and allowed to equilibrate to 50-55°C before addition of the appropriate amount of specific HA antiserum. After mixing well, the gel is poured in level plastic plates. The initial dilutions of vaccines and reference antigen (30-40 lg ⁄ ml) are prepared in deionized water to produce comparable zone sizes and then treated with 1% Zwittergent 3-14 for 30 minutes at room temperature. Additional dilutions are made in PBS, pH 7AE2, and inoculated into 4-mm wells punched into the agarose gel. Plates are incubated in a sealed, moist chamber at room temperature for a minimum of 18 hours before further processing. After 18 hours, gels are removed from the plastic plate in water and floated onto a piece of gel bond, covered with wet filter paper, and dried onto the gel bond. When completely dried, the filter paper is removed, and the gel is stained with 0AE3% Coomassie Brilliant Blue for 10 minutes, destained, and dried.
Zone diameters are measured in two directions at right angles to the nearest 0AE1 mm using an ImmuLab image scanner. Vaccine potency is computed by the parallel line bioassay method using reference and test vaccine dose-response curves (log antigen dilution versus log zone diameter). Statistical parameters for determining test validity are based upon correlation coefficient (r) and equality of slopes (t) between test and reference antigens. Average and standard deviation (SD) are calculated from at least four independent tests.
Hemagglutination inhibition assay
The hemagglutination inhibition assay (HAI) was performed in 96-well plates (U-bottom) by standard methods essentially as described previously 25 using 0AE5% chicken red blood cells suspended in PBS (pH 7AE2). 
Influenza vaccines
Results
Demonstration of cross-reactivity
The three available H5N1 vaccine potency reference antisera (A ⁄ Vietnam ⁄ 1203 ⁄ 2004, A ⁄ Indonesia ⁄ 5 ⁄ 2005, and A ⁄ barheaded goose ⁄ QL ⁄ 1A ⁄ 2005) were evaluated for cross-reactivity by hemagglutination inhibition (HI) assay (Table 1) and SRID assay (Figure 1 ). In the HI assay, each of the three hyperimmune sheep antisera made by immunization with purified bromelain-cleaved virus hemagglutinin (HA) exhibited substantial cross-reactivity with the H5N1 viruses from other clades and even with an H1N1 control virus (Table 1 ). In contrast, post-infection ferret antisera demonstrated more noticeable differences between the H5N1 viruses of different clades and an H1N1 control virus. Although the results suggested the possibility that the sheep polyclonal antiserum contained antibodies that were crossreactive to the heterologous H5N1 HAs, there could be other explanations for the cross-reactivity in the HI assay including non-specific serum inhibitors in the sheep polyclonal antiserum. Nevertheless, cross-reactivity of the three sheep polyclonal antisera was further evaluated in the SRID assay. Similar to the results of the HI analysis, potency antiserum from each H5N1 clade virus demonstrated crossreactivity with both homologous and heterologous H5N1 Table 1 . Hemagglutination inhibition assay comparison between sheep potency reference antisera and post-infection ferret antisera Antigen* Potency reference antisera (sheep hyperimmune)
Post-infection antisera (ferret) 
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reference antigens by SRID ( Figure 1 ). For each H5N1 antigen and vaccine samples manufactured from the same strain, clear visible precipitin rings were produced in the presence of the homologous reference antisera ( Figure 1 , left panels). Precipitin rings were also produced for each reference antigen and related vaccine samples in the presence of heterologous reference antiserum, although the quality of some of the precipitin rings was different in comparison with the homologous antiserum ( Figure 1 , center and right panels). For example, some of the rings appeared faint, but nevertheless these rings could be read and measured by the image scanner. In some gels, an interior double zone was observed (e.g., Figure 1B , right panel). Such double zones are occasionally observed in SRID assays with homologous antiserum. This phenomenon may be possibly due to precipitation of proteins other than HA as the antigen contains a mixture of proteins and the antiserum contains antibodies to more than HA. Regardless, the results taken together suggested that potency antiserum from a heterologous H5N1 virus strain might be suitable for potency analysis if the appropriate conditions for use in a potency assay could be established.
Titration of the antigen standard in homologous and heterologous potency reference antisera
To determine whether a viable SRID assay could be established using heterologous H5N1 antisera, it was first necessary to determine whether there were workable ranges of reference antigen concentrations that could be found for each available heterologous potency reference antiserum. As the recommended concentration of each of the three potency reference antisera for use with its homologous and matching reference antigen is similar (7-10 ll ⁄ ml of gel), we chose to use a constant serum concentration equal to 10 ll ⁄ ml of gel for all assays and then determine whether a suitable dilution of the reference antigen could be found which would produce a precipitin ring with a diameter close to 8 mm and thus allow for a standard antigen curve to be setup over the optimal diameter range of 8AE5 to 5AE5 mm. An example of a preliminary titration for each reference antigen in the presence of homologous and heterologous potency reference antisera is shown in Table 2 . homologous potency reference antisera and two heterologous potency reference antisera. Thus, the results indicated that H5N1 potency reference antisera was functional in an SRID assay with a heterologous H5N1 reference antigen and suggested that an assay with such an antigen ⁄ antiserum combination could be used to determine the potency of inactivated H5N1 influenza vaccines.
Comparison of vaccine potency values in the presence of homologous and heterologous antisera
The preliminary titration of antigen standard in the presence of homologous and heterologous antisera described above allowed us to move to the next step of evaluating the potency of actual H5N1 vaccine samples. Although there have been a limited number of H5N1 vaccines produced by Dilutions of A ⁄ Vietnam Antigen -152 lg ⁄ ml S-APS Viet 10 ll ⁄ ml
Dilutions of A ⁄ bhg Antigen -69 lg ⁄ ml S-APS Viet 10 ll ⁄ ml
Dilutions of A ⁄ Anhui Antigen -99 lg ⁄ ml S-APS Viet 10 ll ⁄ ml 9 8AE4 7AE7 7 AE7 7 AE2 6 AE9 6 AE9 6 AE8 6 AE7 S-7854 Ind 10 ll ⁄ ml 9AE8 8AE2 7AE7 7 AE1 7 6 AE7 6 AE6 6 AE5 6 AE5 6 AE4 S-112 bhg 10 ll ⁄ ml 14AE4 1 2 AE7
licensed vaccine manufacturers, we were able to obtain samples of vaccine lots manufactured for three different each of these vaccine samples, we measured the potency using the corresponding reference antigen in the presence of homologous antiserum and two heterologous antisera. As described in the preliminary studies, we limited the serum concentration to a single concentration of 10 ll ⁄ ml, and every assay was repeated in at least four independent experiments. Each agarose gel plate included one or more vaccine samples and the reference antigen corresponding to the vaccine virus strain at an optimal starting concentration as described in the previous section. In addition to the reference antigen that was used to construct the standard curve for the assay, a second sample of reference antigen at a different starting dilution was included as an additional unknown sample in comparison with the assigned reference antigen and the % difference between the two values calculated. Overall, the results exhibited within-assay variability typical of the SRID method, with the coefficient of variation (CV) <15% in almost all assays. In two cases, the assay CV was >15%, but one of these used homologous antiserum and the other heterologous antiserum (Table 3 -A ⁄ Vietnam vaccine 2, using A ⁄ Vietnam antiserum and A ⁄ bhg antiserum, respectively). Table 3 Table 5 ). Potency values determined for each reference antigen using heterologous antisera also correlated well with the potency value obtained using homologous antiserum (maximum difference of 16% for the A ⁄ bhg ⁄ QL ⁄ 1A ⁄ 2005 reference antigen using A ⁄ Indonesia ⁄ 5 ⁄ 2005 antiserum, Table 4 ). Taken together, the results obtained from SRID analysis of three different H5N1 vaccine strains demonstrate the feasibility of using heterologous H5N1 
Heterologous antisera to evaluate vaccine potency
Published 2011. This article is a US Government work and in the public domain in the USA antisera for SRID potency assay of inactivated H5N1 vaccines.
Heterologous potency antisera is stability-indicating
While the results described above demonstrated that calculation and adjustment of the standard antigen for use with heterologous antiserum resulted in a valid potency measurement of an H5N1 vaccine strain homologous with the standard antigen, a necessary attribute of a potency assay is the ability to detect and quantify subpotent vaccines. To evaluate this issue, we set up an accelerated stability assay with a lot of A ⁄ Indonesia ⁄ 5 ⁄ 2005 vaccine.
Vaccine samples from this lot were stored at 4 and 37°C and assayed for potency by SRID at monthly intervals for 4 months using the homologous A ⁄ Indonesia ⁄ 5 ⁄ 2005 potency reference antiserum or the A ⁄ Vietnam ⁄ 1203 ⁄ 2004 potency reference antiserum. As shown in Figure 3 , there was a negligible loss of potency when vaccine was stored at the recommended 4°C. On the other hand, significant potency loss was observed over the 4-month observation period when vaccine was held at 37°C, and the measured potency loss was similar regardless of whether homologous or heterologous antiserum was used in the SRID potency assay. 
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Seasonal potency antiserum and the pandemic H1N1 vaccine
The most likely use of a heterologous antiserum for potency determination would be in an emergency setting such as the emergence of an H5N1 virus that differed from virus strains for which candidate vaccines and potency reagents had been prepared and stockpiled. Although challenging, the production of strain-specific potency antiserum rarely delays the production of seasonal influenza vaccines. Nevertheless, it was of interest to see whether heterologous antiserum could work for seasonal vaccine potency determination. Indeed, in a series of preliminary SRID assays using several recent H3N2 potency antisera and homologous and heterologous H3N2 reference antigens, precipitin rings could be obtained in the typical range expected for a workable SRID potency assay (data not shown). Similarly, antiserum produced against the two most recent seasonal H1N1 strains, A ⁄ Solomon Islands ⁄ 03 ⁄ 2006 and A ⁄ Brisbane ⁄ 59 ⁄ 2007, produced precipitin rings with reference antigens for both of these vaccine strains ( Figure 4 , middle and right panels). As for the initial H5N1 studies, the quality of the precipitin rings differed in homologous versus heterologous antiserum and some of the observed zones in these particular gels were relatively faint. Although the assay conditions for these gels were not optimized, it seems likely that conditions could be established for successful assay setup with heterologous antiserum by manipulating antiserum ⁄ antigen concentrations and adjustment of the automated reader for fainter zones. In contrast, neither seasonal H1N1 potency reference antiserum was capable of producing precipitin rings when used with the reference antigen for the 2009 pandemic H1N1 A ⁄ California ⁄ 07 ⁄ 2009, and antiserum to A ⁄ California ⁄ 07 ⁄ 2009 did not cross-react with either seasonal reference antigen in the SRID assay (Figure 4) . Thus, although our data demonstrate the feasibility of using heterologous H5N1 antisera for SRID potency assay of the inactivated H5N1 vaccines that we tested, the data with seasonal and pandemic H1N1 reagents indicate that there are clearly limitations to this approach for more divergent virus strains.
Discussion
The SRID assay has been the accepted method used to assess the potency of inactivated influenza vaccines for more Table 5 . Potency of A ⁄ Indonesia ⁄ 5 ⁄ 05 reference antigen and vaccine using homologous (S-7854) and two heterologous (S-APS1 and S112) sera than 30 years. It is a relatively simple assay from a technical point of view, measuring the diffusion and precipitation of the influenza HA in an agarose gel containing HA-specific polyclonal antiserum. Quantification of the amount of HA present in the vaccine sample is based on comparison of an antigen standard with an assigned HA value. Both the antigen standard and the antiserum used in the assay are supplied by one of the WHO Essential Regulatory Laboratories. Thus, although the assay is simple and fairly easy to standardize among various laboratories, including vaccine manufacturers and regulatory agencies, it does require continuous production of new potency reagents as the recommended composition of the vaccine changes to match the predominant circulating strains of virus. The reference antigen is typically a preparation of inactivated whole virus, the HA of which matches that of the vaccine as closely as possible. Because of the large quantities of reagents needed to support worldwide vaccine manufacture, the reference antigen is usually produced at a commercial scale by a vaccine manufacturer and donated to one of the various regulatory agencies. The HA antigen content of the reference antigen is calibrated through a collaborative laboratory effort of the WHO ERLs. The antiserum to be used with the reference antigen in the SRID assay is typically prepared in sheep by immunization with virus HA which has been cleaved from the virus with the enzyme bromelain and purified. These potency reagents are then distributed by regulatory agencies to support vaccine manufacture. Although the production and distribution of potency reagents is always challenging owing to the nature of the tight timelines for vaccine production, availability of reagents rarely impacts the availability of seasonal influenza vaccine. Nevertheless, concerns about the urgency of producing a new vaccine in the event of a pandemic virus emergence have led public health agencies to examine all aspects of vaccine development and production in an effort to condense the time required to make a vaccine available and to ensure that back-up procedures are available should unforeseen circumstances be encountered. We recently described an alternative approach to producing potency antiserum that did not require the availability of the pandemic virus nor the purification of bromelain-cleaved virus HA. 24 That work demonstrated the feasibility of using recombinant DNA expression techniques to generate potency reagents and provides a viable back-up option for addressing this particular bottleneck in inactivated vaccine production. Here, we describe another approach that can be considered as an alternative to generating a new potency antiserum -the use of an antiserum made to a related virus strain. This approach could be a viable option for a rapid vaccine response to a pandemic virus if sufficient supplies of a workable antiserum were available.
The developers of the SRID method as an influenza potency assay did not recommend non-homologous antiserum for use in potency testing. On the contrary, the importance of serum strain specificity was emphasized, and it was recommended that the potency antiserum be evaluated for specificity by using a variety of techniques such as HI, neuraminidase inhibition, and immuno double diffusion assays as well as SRID. 5 Nevertheless, the fact that potency antiserum is a polyclonal hyperimmune serum suggested that cross-reactive antibodies would be present, and that by adjusting the antigen dose and antiserum concentration, conditions could be established for successful precipitation of the antigen in the SRID assay.
In initial investigations, we explored the cross-reactivity between a number of H1, H3 and H5 reference antisera and the corresponding available reference antigens and found that acceptable precipitin zones in the SRID assay could be produced in the presence of heterologous antisera. To further investigate the practicality of using heterologous antisera as an alternative in the SRID assay, we focused on H5N1 influenza virus reagents that are currently available from the Center for Biologics Evaluation and Research. The three H5N1 viruses (A ⁄ Vietnam ⁄ 1203 ⁄ 2004, A ⁄ Indonesia ⁄ 5 ⁄ 2005, and A ⁄ bhg ⁄ QL ⁄ A1 ⁄ 2005) for which reference antigen and antiserum were available belong to different genetic clades (clades 1, 2AE1, and 2AE2, respectively) as defined by the WHO H5N1 virus evolution working group. 26 A fourth virus (A ⁄ Anhui ⁄ 1 ⁄ 2005) for which limited quantities of reference antigen were available belongs to clade 2AE3AE4. Although of different clades, these four H5N1 virus HAs demonstrate substantial levels of antigenic homology, sharing more than a half of the antigenic sites discovered by mapping with H5 monoclonal antibodies. [27] [28] [29] [30] For each H5N1 reference antigen, a dilution series could be found which resulted in a range of HA concentrations producing precipitin rings with diameters from 8AE5 to 5AE5 mm in the SRID test in the presence of either 10 ll ⁄ ml homologous or heterologous antisera, although the workable concentration range of the standard antigen differed in homologous versus heterologous antiserum. For example, while a starting concentration of 35 lg ⁄ ml of A ⁄ bhg ⁄ QL ⁄ 1A ⁄ 2005 was suitable for precipitation with 10 ll ⁄ ml of homologous A ⁄ bhg ⁄ QL ⁄ 1A ⁄ 2005 antiserum, a starting concentration of 69 lg ⁄ ml of reference antigen was necessary for use with 10 ll ⁄ ml of either A ⁄ Vietnam ⁄ 1203 ⁄ 2004 or A ⁄ Indonesia ⁄ 5 ⁄ 2005 antiserum. Most likely, the different antigen-antiserum balances reflect the differences in strain-specific and cross-reactive antibodies in each potency antiserum. This fact is important for choosing the right reference antigen and vaccine dilution for SRID testing in the presence of heterologous antisera. In this type of assay setup, the reference antigen and the vaccine samples belong to the same virus strain, but the antiserum produced to a close virus relative can be used as long as the antigen-antibody combination produces readable precipitin rings in the optimal range of the assay. For the H5N1 potency reagents, we found that the doseresponse of the heterologous antigen-antiserum assay was linear as for the homologous antigen-antiserum assay, and similar potency results were obtained when vaccine samples were assayed by both assays. Thus, we propose that such an assay setup can be used for potency testing if deemed necessary.
One concern about the use of heterologous potency antiserum in the SRID assay was whether the assay would remain stability-indicating, i.e., capable of accurately measuring subpotent vaccine. This might be the situation if the majority of cross-reactive antibodies in the heterologous antiserum that were responsible for precipitation in the SRID were not conformation-specific antibodies. Reassuringly, in our study in which an A ⁄ Indonesia ⁄ 5 ⁄ 2005 vaccine was subjected to an accelerated stability protocol over the course of 4 months, both homologous and heterologous antisera provided similar measurements of vaccine potency decline. Although additional studies might be needed for other heterologous antigen-antiserum combinations, the results again strongly suggested the feasibility of using heterologous potency antiserum if the appropriate antigen-antiserum concentration conditions can be established.
Strategies to prepare for and confront pandemic influenza have included the development of multiple interventions such as antiviral drugs, personal protective equipment, and vaccines, 31, 32 and considerable effort has been expended in the United States to produce stockpiles of influenza vaccines against viruses with pandemic potential. [17] [18] [19] Having sufficient supplies of potency reagents for these vaccines is not only necessary for use of these prepandemic vaccines, but as shown here, stockpiles of potency antiserum can also potentially serve as the potency antiserum for the new vaccine that is produced in response to a pandemic, assuming there is sufficient cross-reactivity. This suggests that libraries of stockpiled potency reagents should be expanded to increase the likelihood of having cross-reactive SRID antiserum available in the event of a pandemic. 16 Clearly, however, there are limitations to this heterologous antiserum approach as shown by the inability of antiserum to recent seasonal H1N1 viruses to work in an SRID assay with the 2009 pandemic H1N1 A ⁄ California ⁄ 07 ⁄ 2009 antigen. This is probably due to the extensive antigenic variation between the A ⁄ California ⁄ 07 ⁄ 2008-like viruses and the seasonal H1N1 viruses that were in circulation before the pandemic. Nevertheless, we would argue that this suggests the wisdom of stockpiling an even broader library of potency reagents to include many strains of influenza viruses with pandemic potential including H2, H7, and H9 viruses. As recently noted, H2N2 that is genetically similar to the 1957 virus continues to circulate in swine, a situation not unlike that which produced the 2009 H1N1 pandemic. 33 Of course, stockpiling of potency reagents such as antiserum assumes that the SRID will remain the standard potency assay for inactivated vaccines for the foreseeable future. As noted earlier, several newer technologies are under investigation as potential influenza potency assays. [12] [13] [14] [15] At the present time, though, none of the newer techniques has been shown to be as practical as the SRID for standardized testing nor has any been shown to measure a biological function of the HA antigen that can be correlated with clinical benefit. In addition, some of these techniques may still require a specific potency antiserum to mirror the specific binding of antigen and antibodies measured in the SRID. 15 In summary, our results support the generation of an extensive library of potency reagents for influenza strains with pandemic potential, particularly antiserum, as an essential aspect of pandemic influenza preparedness.
